1. Introduction {#sec0005}
===============

Direct conversion of lignocellulosic biomass into hydrocarbon fuels as alternative energy sources has aroused extensive concern \[[@bib0005], [@bib0010], [@bib0015]\]. However, lignin as one of three main components of lignocellulosic biomass (cellulose, hemicellulose, and lignin) attracts the least attention because of its complex structure and high thermal stability, which makes depolymerization of lignin as a key process in utilizing biomass \[[@bib0020],[@bib0025]\]. Lignin accounts for 25--35% of renewable carbon in the world, which is nonetheless used widely as a residue and cheap energy source and often incinerated \[[@bib0030]\]. Lignin with three-dimensional aromatic biopolymer consists mainly of guaiacyl, syringyl and *p*-coumaryl alcohol phenylpropane units through several types of C---O---C (β-O-4 as the most common linkage, α-O-4, 4-O-5, and so on) and C---C (5-5, β-1, β-5, β-β) interunit linkages in a random order \[[@bib0035],[@bib0040]\]. Since the C---O ether bonds are more fragile than the C---C bonds \[[@bib0045]\], the cleavage of the C---O ether bonds is always the focus of most depolymerization strategies including catalytic oxidation, catalytic reduction, and acid-catalyzed depolymerization by using different catalysts such as La/SBA-15 \[[@bib0050]\], H-USY/Raney Ni \[[@bib0055]\], Pd/C \[[@bib0060]\], Ru/C \[[@bib0065]\], Cu/PMO \[[@bib0070]\], and Ru/N-doped C \[[@bib0075]\] under mild conditions, which mostly generates oligomers, phenolic monomers and other O-containing compounds \[[@bib0080]\]. To form simpler monomeric compounds such as mono-phenols and arenes, an additional hydroprocessing step is inevitable.

Supercritical alcoholysis of lignin by hydrogenolysis and hydrodeoxygenation in the presence of hydrogen and/or hydrogen-donor solvents such as methanol, ethanol, and propanol is a promising route \[[@bib0085]\] because of rapid heat transfer and high solubility \[[@bib0090]\], which is conducive to higher yields of simple alkylated phenols, arenes or/and aliphatic hydrocarbons and minimal repolymerization reactions \[[@bib0095],[@bib0100]\]. Also, solvents play a crucial role in the yield and product distribution as well as depolymerization \[[@bib0105]\]. The extent of deligniﬁcation decreases with increasing apolar character of the solvents \[[@bib0110]\]. For example, supercritical alcoholysis of Asian lignin over Pt/C, Pd/C, Ru/C, and Ni/C at 350 °C with 3.0 MPa H~2~ for 40 min indicated that four main monomeric phenols 4-ethylphenol, guaiacol, 4-ethylguaiacol, and syringol were produced \[[@bib0115]\]. Catalytic hydrocracking (combination of S~2~O~8~^2−^-KNO~3~/TiO~2~ and Ru/C) of kraft lignin (0.5 g) at 320 °C with 4.0 MPa H~2~ for 6 h in a mixed solution of 30 mL 1,4-dioxane and 6 mL methanol suggested that O-containing monomeric and dimeric degradation products were the main \[[@bib0120]\]. Supercritical 2-propanol due to great H~2~ transfer properties, was considered as one of the best solvent options in conversion of organosolv lignin by using Raney Ni at 300 °C under 7.0 MPa H~2~ for 8 h, forming cyclic alcohols, cyclic ketones, and unsaturated products \[[@bib0125]\]. Besides, simple monomers such as phenols containing methoxy groups, arenes, or/and O-containing low-mass oligomers were produced by supercritical liquefaction of lignin in the solvents such as ethanol, propanol, methanol, and water by using the catalysts like Ru/C, NiMo, Ru-Cu/HY, MoC~1-x~/Cu-MgAlO~z~, and Ni/Al-SBA-15 \[[@bib0130], [@bib0135], [@bib0140], [@bib0145], [@bib0150]\]. The efficient deoxy-liquefaction of lignin remains extremely challenging in order to develop small-molecular arenes used as transportation fuels or additives.

In our previous work \[[@bib0155]\], deoxy-liquefaction of lignin was first suspended in a self-made high-pressure reactor over nano-SiC catalyst in supercritical ethanol. Lignin depolymerization and deoxygenation for small-molecular arenes were fulfilled at 500 °C. The change of residence time (30--120 min) did not influence distribution of the liquid products. By the reactant suspension mode, some advantages can initially be discovered: first, liquid products and solid residues are naturally separated; second, re-polymerization is further inhibited, and oligomers and solid products are not observed in the liquid products; third, lignin depolymerization and deoxygenation retaining aromatic rings are well performed when the process can be carried out in a short residence time.

Supercritical hydrogen-donor solvents methanol, ethanol and propanol are first used to research the effects of yield and composition of the liquid products under a short residence time of 30 min, different temperatures and catalysts by the reactant suspension mode since temperature, solvent, and catalyst are the factors of prime importance which controls yield and composition of products. In order to accomplish the efficient deoxy-liquefaction of lignin, reasonably high temperature (450―500 °C) is essential to do the cleavage of C---O ether bonds and C---C bonds in lignin interunit linkages. The development of highly effective catalysts with low cost should be selected to make this process industrially feasible \[[@bib0160]\], although noble metals catalysts like Pt, Pd, Re, Rh, or Ru loaded on various supports have high catalytic activities towards hydrogenolysis and hydrogenation of C---O bonds \[[@bib0165], [@bib0170], [@bib0175], [@bib0180], [@bib0185]\]. Besides the Fe-SiC catalyst, the Cu-C catalyst with hydrogenation and cracking is first used to fulfill deoxy-liquefaction of lignin. The aim of this study is to determine the optimal technology parameters to perform the efficient deoxy-liquefaction of lignin and the main process mechanisms are explored.

2. Materials and methods {#sec0010}
========================

2.1. Materials {#sec0015}
--------------

Dealkaline lignin as raw material was obtained from Tokyo Chemical Industry Co. Ltd, and the powder has a dark brown color. Compositions of the dealkaline lignin were analyzed on Vario MACRO Cube Elemental Analyzer and oxygen content was calculated by difference. The contents (wt%) of C, H, N, S, and O are 51.43%, 4.71%, 0.35%, 0.18%, and 43.33%, respectively; and empirical formula is C~4.29~H~4.71~O~2.71~N~0.025~S~0.006~. Nano-SiC with a grain size of 40 nm (99.9%) and nano-C with a grain size of 30 nm (99.5%) were purchased from Aladdin Industrial Corporation. Reduced iron powder with a diameter of 100 mesh (Fe, AR) and copper powder with a grain size of 50 nm (99.9%) were derived from Aladdin Industrial Corporation. All the chemicals were not further treated before use.

2.2. Experimental setup {#sec0020}
-----------------------

The experiments of deoxy-liquefaction of lignin without external hydrogen were carried out in an airproof system. Tubular reactor (Ф 35 mm × 90 mm) constructed of hastelloy C-276 was heated in electric furnace. A temperature controller did the adjustments of the reaction temperature and heating rate by a thermocouple inserted in the tubular reactor. The system pressure was shown by a pressure gauge. In a typical process, lignin and catalyst were well blended and the obtained mixture was wrapped up by using double-layer nets of 800 mesh composed of 304 stainless steel, and next, the wrapping like the Chinese dumpling was suspended in the self-made reactor. 22 ml of the solvent (methanol, ethanol, or 1-propanol; AR, Tianjin Kemiou Chemical Reagant) was put to the reactor. Before the experiment, the reactor was emptied three times with argon gas. The sealed reactor was raised to the desired temperature (450 °C or 500 °C) at a rate of 10 °C/min and held for 30 min. The maximum pressure of the system depending on the reaction conditions reached 26--34 MPa for methanol, 15--28 MPa for ethanol, and 10--21 MPa for 1-propanol, respectively. Once the experiment ended, the reactor removed was quenched in cold water. After reaching room temperature, the reactor was opened and gas fraction was collected for the compositional analysis. The wrapping was got out and dried, and solid fraction was weighed and analyzed. The liquid products without solid residue were poured out. Specifically, the Fe-SiC catalyst was obtained by using simply mechanical mixing of Fe powder and nano-SiC with a ratio of 1:1, and also, the Cu-C catalyst with the same amount of Cu and C was achieved. 0.50 g of lignin was evenly mixed with 1.00 g of the Fe-SiC catalyst or Cu-C catalyst. As comparative experiments, deoxy-liquefaction of lignin with no catalyst was performed. The liquid products were marked as OLM for that of methanol, OLE for that of ethanol and OLP for that of 1-propanol. Each experiment was conducted six times and the mean value (the standard deviations under the same conditions were within 7%) was exhibited in the recorded results.

2.3. Product analysis {#sec0025}
---------------------

Analysis of the liquid products was done by using Trace GC Ultra/Polaris Q (GC--MS, Thermo Electron) equipped with a column of TRACE TR-5MS (30 m × 0.25 mm ×0.25 μm). Helium was used as carrier gas. GC programmed temperature: at 45 °C for 3 min, 180 °C at a rate of 5 °C/min, and up to 280 °C for 2 min at a rate of 20 °C/min. The injector temperature was 250 °C with a split ratio of 50:1. After a delay of 2 min, full scan mass spectra in the mass range of *m/z* 30--400 were produced. The collected data were processed by Xcalibur Data System. The liquid compositions were identified by comparison with the mass spectra with the NIST II (National Institute of Standards and Technology), together with a series of arenes and phenols possessing C~2~ to C~5~ branched chains as standard compounds to perform more accurate identification of the liquid compositions. FTIR spectra were collected by using KBr pellets in the range 4000--400 cm^−1^ on a Nicolet 5DX spectrometer. Gas compositions were analyzed by a gas chromatograph (GC122, Shanghai, China) with a thermal conductivity detector (TCD) and carbon molecular sieve column TDX-01 (1.5 m × 2.0 mm i.d.) for determination of H~2~, CO~2~, CO, and CH~4~. The solid residue was dried at 120 °C for 12 h, and its analysis was done by the Elemental Analyzer. Higher heating value (HHV) of the liquid products was calculated by Dulong's formula \[[@bib0155]\]. Due to the solvent reactivity, gas products were negligible, and yields of the liquid product (Y~liquid~, wt %) and solid residue (Y~solid~, wt %) were calculated by the following equations, respectively:$$\begin{array}{l}
{Yliquid = \frac{weightsof(lignin + thecatalyst) - weightofthesolidresidue}{weightoflignin}} \\
{Ysolid = 100 - Yliquid} \\
\end{array}$$

3. Results and discussion {#sec0030}
=========================

3.1. Conversion of lignin {#sec0035}
-------------------------

Conversion of lignin under different conditions ([Fig. 1](#fig0005){ref-type="fig"}) shows that temperature has a significant influence on the yields. When the temperature rises from 450 °C to 500 °C, conversion of lignin all increases, indicating that temperature has a marked effect on conversion of lignin \[[@bib0190],[@bib0195]\]. Conversion of lignin goes up under the catalysts in comparison with that of no catalyst. Concretely, in methanol, conversion of lignin is in the range 48.2% to 53.8% at 450 °C and 55.8% to 70.0% at 500 °C, respectively. Over the Cu-C catalyst, conversion of lignin reaches a maximum of 70.0% at 500 °C, higher than that of the Fe-SiC catalyst (61.2%), meaning that the Cu-C catalyst has better catalytic cleavage in methanol. In ethanol, conversion of lignin are between 44.2% and 54.8% at 450 °C and between 46.0% and 63.5% at 500 °C, respectively. The Fe-SiC catalyst demonstrates higher catalytic conversion (63.5%) than that of the Cu-C catalyst (60.4%) at 500 °C, indicating that the Fe-SiC catalyst possesses better catalytic cracking in ethanol. In propanol, the conversion changes between 47.6% and 53.0% at 450 °C, and between 53.0% and 60.6% at 500 °C, respectively. A maximum of 60.6% emerges under the Cu-C catalyst, slightly higher than that of the Fe-SiC catalyst (58.0%). The results illustrate that besides temperature and catalyst, solvent exerts a considerable effect on conversion of lignin \[[@bib0080],[@bib0105]\]. Propanol exposes the worst synergistic effect on conversion of lignin, implying that conversion of lignin under high temperature and pressure has almost no connection with the apolar character of the solvents, which is different from the reported results \[[@bib0110]\].Fig. 1Conversion (wt%) of liquid products at 450 °C and the increase in conversion at 500 °C under different conditions. OLM, OLE, and OLP represent the liquid products from methanol, ethanol, and propanol, respectively.Fig. 1

3.2. The effect of temperature on distribution of liquid products {#sec0040}
-----------------------------------------------------------------

The main components of liquid products are showed in [Table 1](#tbl0005){ref-type="table"}, [Table 2](#tbl0010){ref-type="table"}, [Table 3](#tbl0015){ref-type="table"}. The components are classified into four fractions: arenes, phenols, hydrocarbons including alkanes and alkenes, oxygen-containing compounds (O-compounds). Overall, with a rise of temperature, yield of of arenes increases sharply, while yield of of phenols decreases, indicating that high temperature favors the deoxy-liquefaction of lignin. In methanol and with no catalyst, yield of of arenes is only 7.05% at 450 °C, whereas arenes is raised to 40.57% at 500 °C. The arenes is mostly alkylated, including C~6~-C~9~ and C~10~-C~14~ arenes. At 500 °C, although the number of arenes jumps, distribution of the carbon number shifts towards the heavier arenes and especially, naphthalenes with high boiling point are evidently formed, meaning that further condensation reaction happens. Yield of phenols increases to 51.65% from 42.21% with the increase of temperature and the alkylated phenols are distributed in the C~7~-C~12~ range. Hydrocarbons and O-compounds reduce from 13.74% and 37.04% to 1.06% and 4.34%, respectively, further demonstrating the advantages of cracking and deoxygenation at high temperature. In ethanol and with no catalyst, yield of of arenes is 37.59% at 450 °C and 46.87% at 500 °C, but yield of of phenols is only 9.08% at 450 °C and no phenols are detected at 500 °C, implying that the deoxy-liquefaction of lignin is well demonstrated and arenes are derived from hydrodeoxygenation of phenol derivatives. Importantly, the increase of temperature only causes the formation of small naphthalenes (1.84%), and thus further condensation reaction is not evident. The results are contrary to that of methanol. Yields of hydrocarbons and O-compounds are 14.82% and 38.50% at 450 °C, 0.36% and 53.11% at 500 °C, respectively. The O-compounds are composed of alcohols, esters, acetal, and ketones. However, at 500 °C the esters disappears, and more stable O-compounds such as alcohols are the main, similar to that of methanol. The formed O-compounds are considered to be from alcohols and alcohols are reactant \[[@bib0155]\]. In propanol and with no catalyst, yield of arenes is only 6.11% at 450 °C and 27.13% at 500 °C, when yield of phenols is 20.07% at 450 °C and 16.45% at 500 °C. Compared to those of methanol and ethanol, yield of arenes does not change markedly with the rise of temperature. The arenes largely consist of C~6~-C~9~ hydrocarbons and no naphthalenes are detected. At 500 °C, some esters still exist. Additionally, nitrogen-containing compounds like 2-ethyl-3, 5-dimethylpyridine and sulfur-containing compounds like 3, 4-dimethylthiophene are detected, showing that N and S elements are not removed completely, which is unfavorable as transportation fuels or additives \[[@bib0200]\].Table 1Content (wt%) of main compounds under different conditions in methanol.Table 1RTCompoundMolecular\
FormulaNo CatalystFe-SiCCu-C450℃500℃450℃500℃450℃500℃2.002,3-DimethylbutaneC~6~H~14~13.701.061.42**×**8.670.832.29Methyl propionateC~4~H~8~O~2~3.90**×**4.04**×**3.02**×**2.392-Methyl-1-propanolC~4~H~10~O5.151.520.364.315.540.482.54BenzeneC~6~H~6~**×**0.48**×**0.85**×**0.742.883-Methyl-2-butanolC~5~H~12~O8.472.162.373.173.62**×**4.24TolueneC~7~H~8~0.470.920.471.370.363.424.462-Methylbutanoic acid, methyl esterC~6~H~12~O~2~2.780.661.110.902.12**×**6.55*p*-XyleneC~8~H~10~**×**1.810.612.90**×**5.317.47EthylbenzeneC~8~H~10~**×**0.70**×**0.82**×**0.919.651-Ethyl-4-methylbenzeneC~9~H~12~**×××**1.02**×**1.869.99MesityleneC~9~H~12~0.481.19**×**1.530.300.8010.641,2,4-TrimethylbenzeneC~9~H~12~**×**2.530.513.610.423.4012.511-Methyl-3-propylbenzeneC~10~H~14~0.761.650.993.200.423.3013.14*o*-CresolC~7~H~8~O**×**1.05**×**1.14**×**2.2813.46*p*-CymeneC~10~H~14~**×**1.05**×**1.21**×**1.0314.202-EthylphenolC~8~H~10~O**×**2.892.443.390.561.1214.551,2,3,5-TetramethylbenzeneC~10~H~14~1.752.500.552.671.21**×**15.412,3-DimethylphenolC~8~H~10~O**×**6.052.366.49**×**3.4315.661-Methyl-3,5-diethylbenzeneC~11~H~16~1.20**×××**2.190.8115.934-EthylphenolC~8~H~10~O**×**1.08**×**1.00**×**1.3916.232,5-DimethylphenolC~8~H~10~O**×**1.80**×**1.08**××**16.49NaphthaleneC~10~H~8~**×**2.51**×**1.16**×**4.3316.881-Methyl-4-(3-amyl)-benzeneC~12~H~18~0.440.94**×**2.13**××**17.112,4,6-TrimethylphenolC~9~H~12~O1.944.674.464.734.210.8117.782,4,5-TrimethylphenolC~9~H~12~O1.635.425.325.94**×**1.3518.071,3,5-TriethylbenzeneC~12~H~18~0.440.99**×**2.513.31**×**18.573-Ethyl-5-methylphenolC~9~H~12~O0.540.862.613.030.75**×**18.782,6-DiethylphenolC~10~H~14~O0.478.452.594.82**×**2.2219.14PentamethylbenzeneC~11~H~16~1.521.882.051.591.02**×**19.612,4-DiethylphenolC~10~H~14~O1.101.332.441.635.08**×**19.872,4,5,6-TetramethylphenolC~10~H~14~O2.11**×**1.05**×××**20.031-MethylnaphthaleneC~11~H~10~**×**5.69**×**2.38**×**6.6020.422,3,4,6-TetramethylphenolC~10~H~14~O0.47**×**1.322.150.66**×**21.002-Ethyl-5-*n*-propylphenolC~11~H~16~O0.661.481.341.43**×**2.1621.342,3,4,6-TetramethylphenolC~10~H~14~O22.3811.0825.2310.0925.97**×**22.291-Ethyl-naphthaleneC~12~H~12~**×××**1.48**×**2.4522.641,7-Dimethyl-naphthaleneC~12~H~12~**×**2.892.411.741.013.2223.063,5-Bis(1-methylethyl)-phenolC~12~H~18~O10.925.4912.714.8911.91**×**24.822,2\'-DimethylbiphenylC~14~H~14~**×××××**2.2325.081,6,7-TrimethylnaphthaleneC~13~H~14~**×**1.481.633.38**×**1.3825.69*o*-IsopropylphenetoleC~11~H~16~O16.732.3714.531.8515.68**×**26.722,4-Bis(1-methylethyl)-phenolC~12~H~18~O**××**3.04**×**1.96**×**27.01FluoreneC~13~H~10~**×××××**3.1529.472-Methyl-9H-fluoreneC~14~H~12~**×××××**4.8831.15PhenanthreneC~14~H~10~**×**2.34**×**2.42**×**4.5531.602,3-Dimethyl-9H-fluoreneC~15~H~14~**×××××**2.2732.562-MethylanthraceneC~15~H~12~**×**5.80**×××**6.9333.464,5-DimethylphenanthreneC~16~H~14~**×××××**2.8134.25PyreneC~16~H~10~**×**3.23**×××**17.5Table 2Content (wt%) of main compounds under different conditions in ethanol.Table 2RTCompoundMolecular\
FormulaNo CatalystFe-SiCCu-C450℃500℃450℃500℃450℃500℃2.072-ButanoneC~4~H~8~O3.224.391.806.18**×**2.582.222-ButanolC~4~H~10~O6.8521.066.067.868.003.432.431-MethylcyclopenteneC~6~H~10~0.36**××**0.670.38**×**2.54BenzeneC~6~H~6~1.811.68**×**6.001.861.782.733-Penten-1-olC~5~H~10~O**×**3.598.574.86**×**1.552.883-Methyl-2-butanolC~5~H~12~O7.654.901.935.4710.341.762.933-Methyl-hexaneC~7~H~16~5.77**×××**5.26**×**3.132-PentanolC~5~H~12~O1.914.541.953.621.821.183.283,4-Dimethyl-2-penteneC~7~H~14~0.89**×**0.980.850.64**×**3.481,1-DiethoxyethaneC~6~H~14~O~2~7.6513.5314.209.372.326.053.871-Cyclohexene-1-methanolC~7~H~12~O0.80**×××**1.030.813.983-Methyl-2-pentanoneC~6~H~12~O0.701.10**×**2.030.61**×**4.16TolueneC~7~H~8~6.915.803.5711.367.457.924.712-HepteneC~7~H~14~1.020.411.422.470.891.094.863-Methyl-2-hepteneC~8~H~16~2.320.64**×**0.772.44**×**5.04Butanoic acid, ethyl esterC~6~H~12~O~2~4.82**×**3.65**×**4.43**×**5.69EthylcyclohexaneC~8~H~16~0.59**××**0.43**××**5.862,3-DimethylcyclohexanolC~8~H~16~O0.47**×××**0.65**×**6.193-EthylcyclohexeneC~8~H~14~1.82**×**0.740.652.81**×**6.55*p*-XyleneC~8~H~10~2.193.401.253.942.154.086.791,3-DimethylbenzeneC~8~H~10~4.604.223.474.065.055.077.47EthylbenzeneC~8~H~10~4.932.942.823.865.753.667.801-Ethyl-4-methylcyclohexaneC~9~H~18~2.05**×**2.100.571.54**×**9.35PropylbenzeneC~9~H~12~0.97**××**0.631.371.109.651-Ethyl-4-methylbenzeneC~9~H~12~3.573.582.133.404.415.1010.171-Ethyl-2-methylbenzeneC~9~H~12~1.211.341.121.071.132.5610.641,2,4-TrimethylbenzeneC~9~H~12~**×**1.00**×**0.77**×**1.4610.83Hexanoic acid, ethyl esterC~8~H~16~O~2~4.43**×**2.18**×**6.91**×**11.543-Ethyl-1,5-dimethylbenzeneC~10~H~14~0.580.82**×**0.870.75**×**11.981,4-DiethylbenzeneC~10~H~14~0.921.631.371.261.141.7112.612-Ethyl-1,4-dimethylbenzeneC~10~H~14~2.871.591.062.892.953.4313.14*o*-CresolC~7~H~8~O**××**1.34**××**2.4413.203-Ethyl-1,4-dimethylbenzeneC~10~H~14~0.940.87**×**0.571.15**×**13.46*p*-CymeneC~10~H~14~1.752.431.002.902.29**×**14.071-Propyl-4-ethylBenzeneC~11~H~16~1.200.811.180.87**×**1.5015.003-EthylphenolC~8~H~10~O**××**1.84**××**1.9315.151,3,5-Trimethyl-2-ethylbenzeneC~11~H~16~0.632.48**×**1.06**×**1.6215.381-Ethyl-4-methylethylbenzeneC~11~H~16~**×**1.29**×**0.78**×**3.1115.741-Methyl-3,5-diethylbenzeneC~11~H~16~1.421.65**×**0.851.621.0015.934-EthylphenolC~8~H~10~O**××**2.76**××**2.0916.49NaphthaleneC~10~H~8~**×××××**4.1516.771-Methyl-4-(3-amyl)-benzeneC~12~H~18~1.084.27**×**3.001.51**×**17.652,3,6-TrimethylphenolC~9~H~12~O**××**4.89**××**1.2017.821-Propyl-4-isopropylbenzeneC~12~H~18~**×**2.18**×**1.120.772.2917.942-Ethyl-4-methylphenolC~9~H~12~O**××**1.04**××**2.0318.563-Ethyl-5-methylphenolC~9~H~12~O**××**3.16**××**2.0119.122,5-DiethylphenolC~10~H~14~O3.88**×**1.82**×**1.592.1120.031-MethylnaphthaleneC~11~H~10~**×**1.841.222.94**×**2.5621.002-Ethyl-5-*n*-propylphenolC~11~H~16~O4.23**×**9.16**×**3.824.2722.291-EthylnaphthaleneC~12~H~12~**×××××**3.3223.143,5-Bis(1-methylethyl)-phenolC~12~H~18~O0.97**×**8.22**×**3.171.3325.081,6,7-TrimethylnaphthaleneC~13~H~14~**×××××**4.71Table 3Content (wt%) of main compounds under different conditions in propanol.Table 3RTCompoundMolecular\
FormulaNo CatalystFe-SiCCu-C450℃500℃450℃500℃450℃500℃2.312-Methyl-1-propanolC~4~H~10~O3.523.452.612.023.092.592.45BenzeneC~6~H~6~**×**2.13**×**1.65**×**1.702.58Tert-amylalcoholC~5~H~12~O2.005.021.422.571.032.642.713-Methyl-2-butanolC~5~H~12~O0.923.251.013.220.702.752.853-MethylhexaneC~7~H~16~2.025.642.333.571.553.663.003-PentanolC~5~H~12~O3.375.223.392.782.362.623.272,4-Dimethyl-2-penteneC~7~H~14~**×**1.98**×**1.60**×**1.803.605-Hexen-1-olC~6~H~12~O1.67**×**1.81**×**1.55**×**3.744,4-Dimethyl-1,2-pentadieneC~7~H~12~1.454.361.203.851.353.964.03TolueneC~7~H~8~2.436.012.654.942.025.464.154-Hexen-1-olC~6~H~12~O1.331.301.091.721.211.184.282-Methyl-3-pentanolC~6~H~14~O2.301.651.761.751.361.504.462-EthylbutanalC~6~H~12~O2.952.862.222.531.622.604.792-Methylglutaric acidC~6~H~10~O~4~13.32**×**8.79**×**7.35**×**4.883-HexanolC~6~H~14~O**×**5.42**×**5.31**×**4.935.07Propanoic acid, propyl esterC~6~H~12~O~2~5.681.618.641.375.761.465.60EthylcyclohexaneC~8~H~16~2.494.454.964.153.994.045.802-Methyl-4-pentenalC~6~H~10~O11.962.8110.441.3117.132.556.442-Methyl-2-penten-1-olC~6~H~12~O1.74**×**2.09**×**3.80**×**6.691,3-DimethylbenzeneC~8~H~10~**×**7.05**×**6.99**×**6.456.743,5-Dimethyl-1,6-heptadieneC~9~H~16~3.51**×**2.64**×**1.98**×**6.913,4-DimethylthiopheneC~6~H~8~S2.601.620.90**×××**7.191-Ethyl-4-methylcyclohexaneC~9~H~18~0.912.31**×**2.25**×**2.317.32EthylbenzeneC~8~H~10~0.761.65**×**1.94**×**1.757.57Butanoic acid, propyl esterC~7~H~14~O~2~1.51**×**1.04**×**1.30**×**7.593-Ethyl-2-methyl-1,3-hexadieneC~9~H~16~**×××**2.56**×**2.549.761-Ethyl-3-methylbenzeneC~9~H~12~1.614.421.795.421.294.7810.361,1-DipropoxypropaneC~9~H~20~O~2~7.092.545.573.76.645.5310.541,2,4-TrimethylbenzeneC~9~H~12~**×**1.92**×**2.19**×**2.9410.68Pentanoic acid, propyl esterC~8~H~16~O~2~1.500.94**××**1.17**×**12.334-Methyl-1-methylethylbenzeneC~10~H~14~1.311.891.331.991.221.8012.511-Methyl-3-propylbenzeneC~10~H~14~**×**1.04**×**1.39**×**1.2313.00*o*-CresolC~7~H~8~O1.231.581.902.211.621.8113.37*p*-CymeneC~10~H~14~**×**1.03**×**1.29**×**1.2213.992-EthylphenolC~8~H~10~O**×**1.31**×**1.59**×**1.4014.712-Ethyl-3,5-dimethylpyridineC~9~H~13~N**××**1.58**×**1.39**×**15.011,3,5-Trimethyl-2-ethylbenzeneC~11~H~16~**×××××**2.0115.212,3-DimethylphenolC~8~H~10~O2.293.212.384.172.043.6515.844-EthylphenolC~8~H~10~O0.961.201.651.991.371.5516.522,5-DimethylphenolC~8~H~10~O0.701.19**×**0.940.971.0216.922,4,6-TrimethylphenolC~9~H~12~O2.051.511.811.631.261.5217.332,3,6-TrimethylphenolC~9~H~12~O**×**0.921.452.371.241.1418.403-Ethyl-5-methylphenolC~9~H~12~O1.201.042.491.911.951.3818.672,6-DiethylphenolC~10~H~14~O1.391.081.362.542.573.3619.872,4,5,6-TetramethylphenolC~10~H~14~O2.711.451.57**×**1.50**×**20.103,5-DiethylphenolC~10~H~14~O**××**2.452.061.931.6820.822-Ethyl-5-*n*-propylphenolC~11~H~16~O3.00**×**5.051.854.661.3421.142,3,4,6-TetramethylphenolC~10~H~14~O2.061.952.932.682.832.1522.993,5-Bis(1-methylethyl)-phenolC~12~H~18~O2.48**×**3.71**×**5.19**×**

Although temperature imposes a remarkable influence on distribution of the liquid products, the obtained aromatics are alkylated arenes and mono-phenols with one hydroxyl group and no methoxy groups, and contain no oligomers at 450 or 500 °C, different from the reported lignin depolymerization \[[@bib0115],[@bib0120],[@bib0145],[@bib0205]\]. The reactant suspension mode holds some advantages. The results mean that during supercritical alcoholysis of lignin, the C---O---C and C---C linkages in the lignin units are cleaved. Compared to 450 °C, the temperature of 500 °C results in much more arenes, reasonably concluding that mono-phenols are further converted into arenes. Under the same temperature, ethanol favors the deoxy-liquefaction of lignin more in comparison with methanol and propanol, and in other words, ethanol provides better liquid products, a little similar to that of the reported results \[[@bib0115],[@bib0210]\].

3.3. The effect of catalyst on distribution of liquid products {#sec0045}
--------------------------------------------------------------

The catalysts Cu-C and Fe-SiC demonstrate the different catalytic activity and selectivity under different temperatures and solvents ([Table 1](#tbl0005){ref-type="table"}, [Table 2](#tbl0010){ref-type="table"}, [Table 3](#tbl0015){ref-type="table"}). Specifically, in methanol, yield of arenes increases from 10.25% at 450 °C to 83.93% at 500 °C over the Cu-C catalyst, while yield of phenols reduces accordingly from 66.79% to 14.76%. In the presence of Fe-SiC, yield of arenes rises from 9.24% at 450 °C to 37.96% at 500 °C, and correspondingly, yield of phenols decreases from 81.45% to 53.66%. With no catalyst, yields of arenes and phenols are 7.05% and 42.21% at 450 °C, and 40.57% and 51.65% at 500 °C, respectively. It can be seen that at 450 °C, catalytic alcoholysis of lignin has no remarkable improvement and efficiency of the catalysts is not presented well, whereas at 500 °C, the catalysts, especially Cu-C, possess high catalytic activity and selectivity. From the standpoint of the component distribution, the catalysts at 500 °C heighten the yield of C~6~-C~9~ arenes significantly as well as C~10~-C~12~ arenes. However, it should be noted that Cu-C results in much more naphthalenes (17.98%) such as naphthalene, 1-methylnaphthalene, 1, 7-dimethylnaphthalene and 1, 6, 7-trimethylnaphthalene than that of Fe-SiC (10.14%) and no catalyst (12.57%) at 500 °C. The results indicate that although Cu-C causes high yield of arenes and conversion of lignin (70%), the condensation reaction is fairly violent and thus Cu-C cannot suppress the formation of naphthalenes effectively. For phenols, phenols are alkylated and carbon number ranges from C~7~ to C~12~, consistent with that of arenes, which can be deduced that arenes stem from hydrodeoxygenation of phenols. So, at 500 °C, Cu-C demonstrates much better performance of catalytic deoxygenation than that of Fe-SiC, resulting in smaller amounts of phenols. Besides, 2, 3-dimethylbutane as hydrocarbons is the main component at 450 °C, but at 500 °C, the compound declines substantially. At 450 °C, O-compounds mainly include esters such as methyl propionate and 2-methylbutanoic acid, methyl ester, and alcohols such as 2-methyl-1-propanol and 3-methyl-2-butanol. At 500 °C, the O-compounds drop drastically.

In ethanol, arenes rises from 45.11% at 450 °C to 63.24% at 500 °C over the Cu-C catalyst, when phenols varies accordingly from 8.59% to 19.40%. In the presence of Fe-SiC, arenes climbs from 25.43% at 450 °C to 58.61% at 500 °C, and 34.24% of phenols at 450 °C is determined while at 500 °C, phenols is not detected. With no catalyst, arenes and phenols are 37.59% and 9.09% at 450 °C, respectively, and arenes is 46.87% and no phenols is detected at 500 °C. At 450 °C, considerable amounts of arenes are obtained and Fe-SiC has the disadvantage of hydrodeoxygenation resulting in more phenols. However, at 500 °C, two kinds of the catalyst prove catalytic deoxygenation and selectivity, and the difference is that Cu-C produces quite a few alkylated phenols (C~7~-C~12~) whereas Fe-SiC does not, demonstrating better catalytic deoxygenation. As for the product distribution, at 500 °C, Fe-SiC causes almost equal amounts of C~6~-C~9~ and C~10~-C~12~ arenes when C~6~-C~9~ arenes account only for 12.87% of arenes over the Cu-C catalyst. Meanwhile, Cu-C results in more formation of naphthalenes (10.03%) than that of Fe-SiC (2.94%), implying that Cu-C not only makes distribution of the carbon number shift towards the heavier arenes but also favors condensation reaction similar to that of methanol. O-compounds contain alcohols, acetal, ketones, and esters, and at 500 °C, the O-compounds decline markedly. Cu-C makes the O-compounds reduce from 36.12% at 450 °C to 17.37% at 500 °C and Fe-SiC causes the O-compounds to decrease from 40.33% to 39.39%. Hydrocarbons mainly include paraffins, cycloparaffins and alkenes.

In propanol, arenes change from 4.53% at 450 °C to 29.34% at 500 °C over the Cu-C catalyst when phenols change accordingly from 29.13% to 22.00%. As for Fe-SiC, arenes range from 5.76% at 450 °C to 27.80% at 500 °C, and phenols range from 28.74% at 450 °C to 25.95% at 500 °C. Without catalyst, arenes change from 6.11% at 450 °C to 27.13% at 500 °C, and phenols are from 20.07% at 450 °C to 16.45% at 500 °C. The results indicate that the Fe-SiC/ Cu-C catalysts have much less influence on distribution of products, compared to that of temperature (450 °C or 500 °C). In other words, catalytic activity cannot play an effective role. From the point of view of the components, at 500 °C, C~6~-C~9~ arenes are in the majority with Fe-SiC/ Cu-C, or rather, high temperature is more conducive to small-molecular arenes. The alkylated phenols (C~7~-C~12~) have a similar effect. At 500 °C, C~7~-C~9~ aliphatic hydrocarbons are 18.31% for Cu-C, 17.98% for Fe-SiC, and 18.73% without catalyst, and corresponding O-compounds including C~4~-C~9~ alcohols, aldehydes, ketones, ethers, and esters are 30.35%, 28.26% and 36.08%, respectively. At 450 °C, C~7~-C~9~ aliphatic hydrocarbons are 8.88%, 11.13%, and 10.37%, respectively, and O-compounds are 56.06%, 51.89%, and 60.85%, respectively. Besides the increase of aliphatic hydrocarbons and decrease of O-compounds resulting from higher temperature, it may partly be interpreted as hydrodeoxygenation of the O-compounds resulting in more formation of aliphatic hydrocarbons.

For the catalyst influence, the obtained arenes and mono-phenols are alkylated, and phenols only possess one hydroxyl group and have no methoxy groups like guaiacols by using the Pt/C catalyst \[[@bib0215]\] or Pt/alumina catalyst \[[@bib0165]\]. There are not oligomers \[[@bib0205]\]. The Cu-C catalyst has the optimal catalytic activity and selectivity in methanol, whereas the Fe-SiC catalyst possesses the optimal catalytic deoxygenation in ethanol. Cu-C and Fe-SiC can not play an effective role in propanol, inconsistent with the reported results \[[@bib0125]\]. Overall, at 500 °C, although the Cu-C and Fe-SiC catalysts demonstrate high performance of catalytic deoxygenation, Cu-C tends more easily to make distribution of the carbon number shift towards the heavier arenes and favor further condensation resulting in more naphthalenes, whereas Fe-SiC makes further deoxygenation of mono-phenols form more arenes.

3.4. The effect of solvent on distribution of liquid products {#sec0050}
-------------------------------------------------------------

Solvent makes a significant impact on alcoholysis of lignin ([Table 1](#tbl0005){ref-type="table"}, [Table 2](#tbl0010){ref-type="table"}, [Table 3](#tbl0015){ref-type="table"}). From the product's perspective, at 450 °C, ethanol is much better suited to alcoholysis of lignin than that of methanol and propanol since the obtained products generate more arenes and less phenols. At 450 °C, Cu-C has the optimal catalytic deoxygenation (45.29% of arenes), suggesting that ethanol is more beneficial to catalytic activity and selectivity of Cu-C. At 500 °C, though conversion of lignin and arenes increase markedly in three kinds of solvent, methanol has the maximum yield of arenes (83.93%) over Cu-C, indicating that methanol has better synergic effect on catalytic deoxygenation and selectivity of Cu-C. It should be pointed out that, in ethanol, the obtained products contain the least yield of phenols and even phenols are not detected under the catalyst Fe-SiC. In propanol, the obtained products do not show high yield of arenes regardless of the existence of the catalyst or no, and thus propanol is unsuited for the catalysts under this conditions.

On the component side, though arenes and phenols are basically alkylated, the difference is that methyl-substituted aromatics in methanol are much more than that of ethanol, and ethyl-substituted aromatics in ethanol are much more than that of methanol. So, solvent molecules participate in the formation of aromatics. In propanol, propyl-substituted aromatics are very small, but there are much more methyl/ethyl-substituted compounds, which can partly be attributed to the fact that propanol is cleaved to methyl and ethyl, and the smaller radicals are easier to attack benzene rings. As for other hydrocarbons and O-compounds, the marked effect of solvent is that the obtained esters contain methyl groups in methanol, ethyl groups in ethanol, and propyl groups in propanol, respectively. The total amount of hydrocarbons and O-compounds in methanol is much less than that of ethanol and propanol, meaning that condensation of methanol takes place less readily. It deserves noting that the aim of deoxy-liquefaction of lignin is to obtain small-molecular arenes, and thus ethanol is the most suitable for formation of small-molecular arenes. Additionally, since the obtained liquid products have no solid resides and O-containing oligomers in the three solvents, the solvents can all act as a capping agent rather than only ethanol \[[@bib0085],[@bib0220]\] to inhibit re-polymerisation reactions. So, under high temperature and pressure, the reactant suspension mode has the unique process feature. Furthermore, in contrast to the reported results \[[@bib0125]\], propanol demonstrates the worst synergistic effect on the deoxy-liquefaction of lignin under those conditions.

3.5. FT-IR analysis {#sec0055}
-------------------

The liquid products are analyzed by using FT-IR, indicating that the spectra are mostly identical because they possess almost the same function groups. For example, the peaks in the range 3400-3500 cm^−1^ are assigned to stretching vibration of O---H, when the peaks in the range 2960 and 2850 cm^−1^ are ascribed to symmetric and asymmetric stretching of the C---H bonds. The stretching vibration band near 1640 cm^−1^ is derived from the C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O groups, and the peak near 1120 cm^−1^ is considered to stretching vibration of C---O---C bonds. The intense peaks of Ar-O range from 1260--1180 cm^−1^. The bending vibration of C---H is observed by a few peaks between 850 and 710 cm^−1^. The results of FT-IR analysis are in line with that of GC---MS analysis.

3.6. Reaction pathway {#sec0060}
---------------------

Based on the above distribution of arenes and mono-phenols under different reaction temperatures, solvents and catalysts, the main reaction pathway is explored to understand deoxy-liquefaction of lignin. On the whole, first, the obtained arenes and phenols are alkylated, and the phenols only possess one hydroxyl group and contains no methoxy groups, meaning that methoxy groups are removed and alkylation happens during the deoxy-liquefaction process. Second, the phenols belong to small-molecular monomers and have no oligomers. Third, yield of phenols at 450 °C is much higher than that of the corresponding temperature of 500 °C, although higher temperature favors the deoxy-liquefaction of lignin more. In contrast, yield of arenes at 500 °C is much higher than that of the corresponding temperature of 450 °C. Furthermore, carbon number of arenes ranges mostly from C~7~ to C~12~, consistent with that of phenols. Consequently, the main reaction pathway can be reasonably deduced by combining the reactant suspension mode ([Fig. 2](#fig0010){ref-type="fig"}).Fig. 2Main reaction pathways of lignin deoxy-liquefaction under high temperature and pressure.Fig. 2

Two-thirds or more of the total linkages in lignin are C---O ether bonds while β---O---4 bonds are the most common linkage, and the rest are C---C bonds such as 5-5 bonds \[[@bib0040]\]. Since the deoxy-liquefaction of lignin is a complex process, β---O---4 and 5--5 bonds are used as a model of the lignin deoxy-liquefaction. In the first stage ([Fig. 2](#fig0010){ref-type="fig"}a), the cleavage of β---O---4 and 5--5 bonds occurs by hydrogenolysis, forming aromatic monomers, and the monomers are freed from the named Chinese dumpling and integrate into supercritical fluid. Under high temperature and pressure, free-radical reaction mechanisms are the preferred process \[[@bib0225],[@bib0230]\]. In the second stage ([Fig. 2](#fig0010){ref-type="fig"}b), the monomers are converted into small-molecular mono-phenols which are further converted into small-molecular arenes. Deoxygenation by the cracking of C---C bonds and alkylation/ hydrogenation happen, and then demethoxylation and alkylation/ hydrogenation occur, which results in alkyl-substituted mono-phenols. The formed mono-phenols are further transformed into alkyl-substituted arenes by hydrodeoxygenation and alkylation. During the cleavage, three types of solvents act as a capping-agent to protect reaction intermediates and suppress re-condensation. At higher temperature of 500 °C, hydrodeoxygenation occurs more violently, generating more arenes, and especially, under the catalyst Fe-SiC, mono-phenols are completely transformed into alkyl-substituted arenes. The alkyl radical fragments are obtained from the cracking of lignin and solvent molecules. Hydrogen from solvent reforming is confirmed by gas analysis which shows that apart from CO~2~, CH~4~, and CO, H~2~ is all detected under different reaction conditions. In the third stage ([Fig. 2](#fig0010){ref-type="fig"}c), a possible reaction process of naphthalenes is proposed to explain the condensation mechanism especially under the catalyst Cu-C. The formed aromatic monomers undergo a sequence of radical reaction such as hydrodeoxygenation, demethoxylation, alkylation/ hydrogenation, and dehydrogenation, generating benzyl alkenes, and then cyclization such as Diels-Alder reaction and further dehydrogenation occur, finally forming naphthalenes. As the char is observed in the named Chinese dumpling, re-polymerization of lignin causes the char.

3.7. Analysis of the char {#sec0065}
-------------------------

The solid residues were dried at 120 °C for 12 h, and their analysis was done by using the Elemental Analyzer. C, H and N contents of the chars at 450 °C are in the ranges of 68.73%--69.52%, 3.74%--3.87%, and 2.67%--2.81%, respectively, and accordingly, the O contents calculated by difference are in the range of 24.86%-23.80%. At 500 °C, C, H and N contents vary between 73.31% and 74.12%, 3.32% and 3.41%, 2.47% and 2.54%, respectively, and the O contents are between 20.90% and 19.93%. The H/C molar ratios at 450 °C are between 0.65 and 0.67 while the H/C molar ratios at 500 °C are between 0.54 and 0.55, indicating that high temperature is conducive to deoxy-liquefaction of lignin. The heating values of the chars are between 24.14 and 26.25 MJ kg^−1^, higher than 17.21 MJ kg^−1^ of lignin.

4. Conclusion {#sec0070}
=============

Small-molecular aromatics (C~7~-C~12~) from efficient one-step alcoholysis of lignin in a self-made high-pressure reactor are produced under different temperatures (450--500 °C), supercritical solvents and catalysts by using a reactant suspension mode. Under the short residence time of 30 min, the temperature 500 °C facilitates conversion of lignin (70%) and formation of C~6~-C~9~ small-molecular arenes. Methanol has the most synergistic effect on the efficient deoxy-liquefaction of lignin over the Cu-C catalyst. In ethanol, the Fe-SiC catalyst results in the formation of small-molecular arenes rather than mono-phenols. Under high temperature and pressure, the efficient cleavages of the C---O bonds and C---C bonds in lignin eventually generate small-molecular arenes. The results indicate that the reactant suspension mode is a feasible route to perform the efficient deoxy-liquefaction of lignin.
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